The Intergovernmental Panel on Climate Change [1] has declared that "warming of the climate system is unequivocal" and concluded that most of the observed increase in global average temperature since the mid-20th century is the result of human activities that are increasing greenhouse gas (GHG) concentrations in the atmosphere.
The contribution of aviation to climate change, with its global share of 3-5% of CO 2 emissions, is often regarded as relatively small. However, this ignores the current and expected growth in air traffic, as well as its sociocultural drivers. Aviation is a rapidly growing sector [3] [4] . In a carbon-constrained world with the ambition to reduce absolute levels of greenhouse gas emissions and limited options to technically achieve these, the growth in air traveler numbers thus indicates an emerging conflict [5] .
Although presently a relatively small overall contributor to climate change, aviation is nevertheless an important polluter for several reasons. Firstly, the rapid growth of air transport -which is projected to continue -means that the industry will contribute increasingly to climate change in the future. Secondly, climate models indicate that the actual climate effects of aviation could be several times greater than the effects of aviation-derived CO 2 alone. This enhanced impact occurs because aircraft create other greenhouse gases in addition to CO 2 ; because aircraft emissions are injected directly into a climatically sensitive region of the atmosphere near the tropopause; and because other consequences of air transport (such as the formation of contrails and enhanced cirrus cloudiness) are themselves responsible for radiative impacts on climate. The effects of contrails and enhanced cirrus cloudiness caused by aircraft at cruise levels remain an important source of uncertainty in global climate modelling.
The share of tourism aviation of all aviation CO 2 emissions is 73% (the remaining 27% originate from military and freight aviation) [6] . Assuming that emissions should be reduced on an equal basis for each sector, the tourism aviation sector faces substantial reduction demands while currently being characterized by rapid growth of emissions.
Climate change is to a considerable extent addressed by modelling and scenario building techniques. While forecasting techniques consists of gathering information about present conditions and then extrapolating them according to expectations and possible opportunities, in backcasting it is almost opposite, as our goal (where we want to be in the future) is used as a starting point and present conditions are adjusted according to the target we want to achieve.
Dubois et al. [7] give an excellent overview of different results obtained by using these techniques. With regard to transport, trend extrapolations or "business as usual" scenarios point to rapid growth in emissions over the next 30 years. Consequently, climate stabilization objectives increase the need for backcasting techniques and normative scenarios to identify pathways that could lead to emission reductions.
Moreover, the time horizon involved (50-100 years) means that adaptive models that can capture changes in critical parameters must be built. Finally, ambitious emission reduction targets -both proposed by IPCC [1] as well as adopted by governments -imply the need not only to consider quantitative changes relatively easily integrated in models, but also to explore the diversity of qualitative socio-cultural factors that shape, together with economic factors, current and future tourism demand.
In this respect, two main cultures/kind of (future) studies have emerged: a) the US school (mainly quantitative) and b) the French school (qualitative). The best way forward is to integrate both, which is a methodological challenge.
Finally, according to Dubois et al. [7] only a few longterm transport/tourism and climate change scenarios exist, none of them considering climate stabilization. Existing works either: a) assess crudely key driving forces behind emissions reductions (technological progress, behavioral change), or b) use quantitative forecasting techniques, based on more or less fixed relationships (for instance between GDP and mobility).
In this paper we are going to confront widely accepted global climate stabilization goals, with the most reliable/ realistic up-to-date ICAO forecasts of future commercial aviation growth, in order to explore the real possibilities of realization of these climate stabilization goals, and to analyze the main drivers of this rapid aviation growth.
Materials and Methods

Calculating Emissions and Radiative Forcing of Air Transport
Air transport emissions of CO 2 are directly related to the amount of fuel: every kg of fuel (kerosene; Jet A) used will lead to 3.155 kg of CO 2 emitted to the atmosphere [8] . Actually, the climate effect of CO 2 emissions from aviation results in a change of balance between incoming solar radiation and outgoing terrestrial radiation (a radiative forcing) of 25.3 mWm -2 . The most common method to calculate emissions uses the product of the amount of work performed (e.g., seat kilometres) and the average emissions per unit of work (the emission factor):
However, traffic volume (V) and emission factor (β x ) may be expressed using seat km or passenger km, so one value may need to be converted. Aircraft are generally most efficient at medium distances, as at short distances the energy-intensive takeoff and climb sections comprise a relatively large share, while at long-haul distances the amount of fuel to be carried at takeoff and climb-out requires extra energy. This impact of distance flown on emissions per km can be taken into account by a correction factor (Table 1) .
However, aviation's effect on global warming is not only expressed through CO 2 emissions, but also through the level of RF (radiative forcing).
Aviation has the following non-CO 2 impacts on the climate (mWm -2 in 2000: a) NO x induces the forming of O 3 , which has a short-lived warming effect (21.9 mWm ). These impacts on radiative forcing (excluding CO 2 and cirrus) amount to 22.5 mWm
To add CO 2 and non-CO 2 impacts, differences in their characteristics must be considered. For most non-aviation emissions, global warming potential (GWP) can be used to compare the impact of 1 kg of a gas with that of 1 kg of CO 2 . However, this measurement is less suitable for the non-CO 2 impacts of aviation as they are dependent on the altitude and location of emissions. Many authors within transport scenario studies incorporate the additional warming from non-CO 2 impacts using a constant factor of 2.7, often imprecisely referred to as an "equivalence factor" [9] .
We are now going to confront widely accepted global climate stabilization goals with the ICAO's forecasts [10] of future commercial aviation growth (until 2040), to explore the real possibilities of realization of these climate stabilization goals.
As a widely accepted global climate stabilization goal we use the IPCC [1] suggestion that global CO 2 emissions should decline by 85% of 2000 emissions by 2050, in order to keep average global warming under control by the end of the century (between 2.0ºC and 2.4ºC).
We use ICAO traffic and fleet forecasts for future commercial aviation growth. The ICAO traffic and fleet forecasts have been developed by the Forecasting and Economic Analysis Support Group (FESG) of the ICAO Committee on Aviation Environmental Protection (CAEP) and form the basis of various analyses conducted within CAEP. The CAEP forecast is based on forecasts, inputs, and models provided by member states, observer organizations (i.e., aircraft and engine manufacturers, air navigation service providers, aviation safety agencies, etc.) and the ICAO Secretariat. The forecast covers a 30-year time horizon. Three growth scenarios have been developed: most likely, high, and low. In this paper we use the "most likely" forecast.
CO 2 Emissions from Air Transportation
This item did not require collection by itself, as CO 2 emissions are linked to energy consumption, which is already available through the original data set. The conversion factor from joules of energy consumed to grams of CO 2 emitted is dependent on the type of fuel involved in the energy generation and flight length. Table 2 shows an assessment based on data by UNWTO, ICAO, and IATA of the number of international tourist trips within and between regions, and the related travel distances and emissions.
The data about average per capita emissions of CO 2 from air passenger transport for 2013 have been calculated from the detailed EUROSTAT surveys/data for 23 EU countries on tourist trips and air transport through standard grams of CO 2 per MJ conversion factors.
Since carbon emissions of an aircraft depend on distance travelled, air trips have been divided into four categories (domestic, Europe, Near/Middle East, rest of the world) and corresponding carbon emissions (0.138 kg/ pkm, 0.125 kg/pkm, 0.125 kg/pkm, 0.124 kg/pkm) used for our estimates/analysis.
The data about average GDP per capita for 2013 for 23 EU countries also have been calculated from the detailed EUROSTAT surveys/data.
We used statistical SPSS software to calculate Pearson's correlation coefficient.
Results and Discussion
Different Scenarios for Reducing Air Transport CO 2 Emissions
According to the U.S. National Academy of Sciences, energy consumption and CO 2 emissions in transport can be significantly reduced only by: a) Increasing energy efficiency of different transport modes. b) Focusing on those transport modes that consume less energy and have lower CO 2 emissions. c) Reducing the transport volume [11] . a) Air transport prospects for further increasing fuel efficiency are relatively low because the technology of jet aircraft has already more or less matured. Alternative Table 1 . Relationship between emission factor and (mediumrange, medium-size) aircraft distance flown [9] . [12] ) state that "Since 1960, fuel consumption per pkm of new aircraft decreased by 30%; and further reductions in the order of 70% are possible by 2050," there is growing evidence that this is an overly optimistic approach. After careful analysis of historical and future trends of fuel efficiency of commercial aircraft, Peeters et al. [13] , for example, conclude that "the common practice of defining future cuts in energy consumption in terms of a constant annual percentage reduction is not very true to reality …" and that … "many studies on predicted future gains are rather optimistic."
Annual fuel efficiency improvements in the aviation sector through technology and fleet renewal have declined and are estimated to decrease further, and when combined with growth in demand, net growth in fuel use is consequently estimated to increase over the next two decades [14] .
The production of biofuels in commercial-scale volumes after 2030 seems to be one option to achieve absolute emission reductions [15] , but are highly problematic at the production scale required. Assuming that existing technical limitations to using biofuels as a replacement in existing fuel delivery and engine systems can be resolved, existing biofuels have lower-volumetricenergy density (MJ/L) than Jet A fuel [16] . Hence, aircraft using biofuels would have a reduced range. Also, a huge barrier to the substitution of biofuels in jet aircraft is the massive land area required to produce sufficient quantities to replace a significant portion of fuel needs. Replacing conventional fuels with advanced biofuels like Jatropha consequently translates into area requirements of more than 1 million km 2 , which corresponds roughly to the size of Germany, France, the Netherlands, and Belgium combined. Algae might be another alternative, but expectations on algae exceed their potential, with many technical and biological problems remaining unsolved [17] . Nevertheless, there is still ongoing discussion regarding the capacity of biofuels to replace conventional jet fuel [15, 18] and vigorous debate over food security versus energy crops [19] .
It should also be noted that air fuel made from biomass does not reduce the emissions of NO x and H 2 O, which together make up nearly half the total climate impact from aviation.
Alternative fuels will not be introduced on a large scale within the next three to five decades unless strong government incentives are given. b) Considering transport modes that consume less energy and have lower CO 2 emissions, a less risky strategy might be, as Akerman [20] proposes, to opt for the slower aircraft configuration of an advanced turboprop aircraft cruising at between 640 and 700 kph. But although this aircraft configuration entails a further 25% cut of CO 2 emissions, it dangerously enters the domain of the European high-speed (mid-range) rail network and is not especially promising/suitable for longrange trips.
Obviously, the realization of absolute emission reductions as outlined by IATA are thus highly uncertain [2] . c) Considering reduction of the transport volume, of fundamental importance to the future of tourism's transport contribution to climate change are two strong growth trends that characterize the sector.
First, there is a rapidly growing number of people participating in both domestic and international tourism and air transport [2] .
Second, travelers participate in more frequent and more distant trips [6] , and stay over shorter periods of time. An increasing number of tourists is being directed toward faraway, exotic destinations, until recently reserved only for a wealthy minority. Travelling is now more frequent, but shorter (in terms of time required/consumed), and oriented toward increasingly distant destinations.
Such a sudden increase in the volume of tourist tripshypermobility -has been made possible, in the first place, by the expansion of low-cost airlines, increased living standards, educational levels, and additional free time. Low-cost airlines are now carrying some 306 million passengers per year in the European Union alone [21] . Hypermobility is today a recognizable behavioral norm, while travel that uses every bit of free time -a routine condition. The vast majority of air travelers, of course, currently originate from developed countries, even though there are some recent trends, particularly in China and India, that show rapid growth in air travel [22] . So, in developed countries tourism has undergone essential changes during the past decade [8] .
Consequently, reduction of the transport volume of aviation and its climate impacts can only be properly understood, and responded to fully, if the drivers of aviation growth are themselves properly understood.
A comparatively large share of passenger flight kilometres, and thus emissions, corresponds to air travel between the various regions (Europe, the Americas, Asia and the Pacific, the Middle East, Africa). UNWTO has developed a matrix allowing for a breakdown of trip volumes by regions of origin and (sub)regions of destination. Based on this UNWTO matrix, an assessment has been made of the flows between high-income and developing countries, which shows that high income countries have the lion's share of global tourism air transport and CO 2 emissions -more than 72% of all trips and 72% of CO 2 emissions -while developing countries' share is only 28% of air transport trip volume and CO 2 emissions [6] . Also, high-income countries have dramatically higher CO 2 emissions (137.111 kg/per capita) in the tourism air transport in comparison to developing countries, that have only negligible CO 2 emissions (10.709 kg/per capita) [6] . (According to the World Bank Country Classification, "high income" countries are those with a gross domestic product (GDP) of $12,736 per capita or more, while developing countries have less than $12,736 per capita [23]).
Although calculating the contributions of global transport to climate change has so far focused mainly on international air transport due to the limited availability of comprehensive data on domestic demand (see UNWTO-UNEP 2008), there are now fairly reliable data about the EU provided by EUROSTAT [24] . Table 3 shows GDP per capita (expressed in euros) and air transport CO 2 emissions per capita (in kg) for our sample of 23 EU countries, while Fig. 1 clearly shows the very strong correlation (0.84) between GDP per capita and air transport CO 2 emissions per capita.
The very high value of Pearson's correlation coefficient (value of correlation coefficient is 0.84; correlation is significant at the 0.01 level) for GDP per capita and air transport CO 2 emissions per capita (for our sample of 23 EU countries) convincingly illustrates the importance of increasing living standards for quickly rising air transport mobility and total CO 2 emissions in air transport (Fig. 1) . Estimated according to [6, 24] . Our results/findings are in sharp contrast with the EKC hypothesis while (at the same time) being completely in line with the results of Seetaram et al. [25] .
According to the EKC hypothesis, the relationship between the rate of economic development (expressed in terms of income per capita) and (various indicators of) environmental degradation have the turning point at approximately U.S. $5,000 per capita, after which pollution abruptly decreases. According to the EKC hypothesis, higher levels of economic development, therefore, inevitably lead toward increasingly better protection of the environment. But insisting solely on encouraging economic growth leads to complete neglect of the impact that increased volume growth of air transport has on CO 2 emissions [26] .
For example, a study by Seetaram et al. [25] points out that a 10% increase in income will cause air transport (and consequently CO 2 emissions) to rise by 23.9% in the long run. Their results clearly show that an increase in income will lead to a greater-than-proportionate rise in air transport. This information is essential to policymakers in their assessment of the impacts of existing and potential new fiscal and monetary policies regarding air transport consumption. Such information is also crucial for developing strategies and plans for the air transport industry and fundamental to forecasting exercises and for calibrating economic models that appraise the likely consequences of demand and supply shocks on the economic contribution of transport.
Also, it must be pointed out that the lion's share of EU air transport growth has lately been dedicated to low-cost companies. While from 2005 to 2015 the total number of air transport passengers grew from 670 to 965 million (295 mil. growth), at the same time low-cost companies grew from 59 to 306 mil. passengers carried (247 mil. increase). Hence, low-cost companies' share in the total number of EU air transport passengers carried rose from 8.7% to 32% ( Table 4) .
The main reason for such powerful growth by lowcost companies lies in their extremely low prices, which are, at the same time, the main cause of the EU air transport's quickly growing CO 2 emissions in 2005-15. Thus our results are important since policymakers are highly influenced by climate change contrarians and aviation lobbies, who are all engaged in considerable efforts to implement an understanding that all mobility is good, while environmental problems can be resolved largely either through: a) technological innovation or b) economic growth (which both inevitably lead to rapid decarbonization). Consequently, it is obvious that technological innovation alone is unlikely to achieve climate targets unless the drivers of aviation growth are themselves properly understood.
Akerman points out that the share of greenhouse emissions attributable to air transport may in crease rapidly if its volume growth is not radically curbed [20] . But this seems to be an almost impossible task, complicated by the strong sustained growth of demand for air transport; the importance of the air transport industry in driving economic growth in other sectors; the strong links between aviation growth, tourism growth, and processes of globalization; the broad popularity of air travel; and the fact that the industry is international in its scope, regulated by myriad bilateral air service agreements [27] .
The magnitude and speed of growth in aircraft passenger kilometers, its energy consumption, and CO 2 emissions for 2005-40 are shown in Table 5 . Estimated according to [21, 24] .
By using ICAO's aircraft passenger kilometers forecasts for 2020-40 (Table 5) , we clearly show that energy consumption and CO 2 emissions of air transport are going to rise five-fold (4.9 times) in 2005-40 in a "business-as-usual" scenario. But even if the (already proclaimed, overly optimistic) 70% increase of aviation's energy efficiency and reduction of CO 2 emissions could be somehow (miraculously) achieved, with such a sudden increase in the volume of air-transport tourist trips, CO 2 emissions of air transport would be 50% higher in 2040 than in 2005.
Hence, the current climate policy for passenger transportation is insufficient to achieve significant emission reductions in line with global climate stabilization goals if its volume growth is not radically curbed.
Since even with 70% reduction of aviation's CO 2 emissions, a five-fold rise of aviation volume translates into 50% total CO 2 emissions increase, it is obvious that other climate policy instruments must be applied (apart from measures concentrated only on increasing energy efficiency).
Worldwide, the air transport sector's energy and CO 2 trends are strongly linked to rising population and incomes. Another crucial aspect of the global air transport system is that the majority of the world's population does not have access to air transport (due to low incomes). As income in developing nations grows, air transport will grow even more rapidly. When these areas develop and respective population incomes rise, the prospects for vast expansion of air transport and an increase in fossil fuel use and GHG emissions will become very real. And these prospects are exacerbated by evidence that the most attractive form of transport for most people as their incomes rise is aviation, which is faster, more flexible, more convenient, more comfortable, and is viewed as a status symbol.
If the aim is to achieve ambitious energy consumption and GHG reduction for air transport within the next few decades, policies will have to be more determined. They should aim at reducing total consumption, which means reducing VKT -not just vehicle-specific consumption [26, [28] [29] .
Due to growth rates in the volume of traffic, it is unlikely that progress in engine technology will be sufficient to reduce overall emissions or even keep them at today's levels. For that reason, the focus is increasingly shifting to market-driven instruments, which, apart from creating incentives to develop and use low-emission technologies, can also reduce the demand for travel.
Joumard rightfully stresses that "only 40% of the effort required should focus on technology, while the remaining 60% should focus on managing demand for transport and the adoption of more sustainable modes of transport" [30] .
To achieve emission reductions in transport in the EU, a wide range of market-based, command-and-control, and soft policy measures are theoretically available [31] [32] . However, while there is ample research on the effects of specific measures within these three categories, there exists, in the words of Banister and Hickman [33] , a major "implementation gap" defined as the way in which scientific knowledge is translated into policies.
Gossling et al. [34] developed an alternative concept for explaining why available policy measures are not being implemented, which they term "transport taboos." According to them, transport taboos are issues that constitute fundamental yet ignored cognitive and affective barriers to the implementation of significant (climate) policy in transportation. Taboos are different from barriers of implementation, because they exist on a fundamentally different level than structural, economic, technical, or behavioral barriers: they cannot be addressed politically without considerable danger to the powerful individuals or organizations, or the broader public or community [34] . Transport taboos exist, it is argued, because they constitute a risk to political decision makers, in the sense that their consideration would require transcending neoliberal forms of governance to initiate fundamental sociocultural change -in other words, it would be a process creating disorder.
For example, although transport accounts for 29.9% of CO 2 emissions in the EU (in 2009; [35] ) and significant continued growth in transport volumes is expected, indicating vast discrepancies between emission reduction objectives and business-as-usual developments, there is no evidence of a political acknowledgment that the sector's growth contradict mitigation objectives, and no systematic assessment of the effectiveness of various policy measures for reducing emissions.
The mismatch is particularly evident in aviation, where the International Air Transport Association (IATA) has presented a vision of ''carbon-neutral growth'' achievable in the ''medium-term'' future [36] . The organization outlines timelines in its ''four-pillar strategy," acknowledging that the technology that will be necessary to achieve these goals is yet unknown, and referring to ''revolutionary engine architectures'' to be implemented after 2020. Estimated according to [6, 10, 37] .
Hence in Table 6 we gave air transport CO 2 emissions a business-as-usual scenario for Europe for 2010-40. It convincingly shows that, if nothing changes, although the European share in global population is going to fall from 11 to 8%, its very high share in the global CO 2 emissions remains the same (27-28%) due to its almost four-fold (3.7) rise of emissions per capita. Hence, total European air transport CO 2 emissions are expected to grow from 185,115 to 670,284 tons in 2010-40.
In order to avoid this huge CO 2 emissions increase in the next few decades in regard to climate policy, three options for mitigation are distinguished, namely: global climate policies relying on economic instruments such as pricing, taxation, and carbon trading.
Most measures to reduce emissions in transport are market-based. Regarding aviation, the EU has sought to integrate the sector in carbon trading through an open European Union Emission Trading Scheme (EU ETS). The inclusion of aviation within the EU ETS is based on the ''downstream emissions trading model'' in which it is the aircraft operator who must cover the CO 2 emissions generated by their units or engines [38] . This remains the only regional policy approach for the aviation sector worldwide [39] . According to the European Commission, inclusion of aviation in the ETS would achieve reductions of 183 Mt CO 2 , or the equivalent of a 46% reduction compared to a business-as-usual scenario. Despite all theoretical debates, the (rather disappointing) final result is that obligations placed on airlines are extremely low. Furthermore, if transport emissions were to be restricted and transport volumes continue to grow, the cheaper emissions reductions would soon be exhausted and abatement costs would then increase significantly [40] . Also, as the commission points out, the option of purchasing credits from within the EU ETS means that the sector will continue to grow, and emission reductions will be achieved in other sectors where costs are lower [41] . Analyses of the implications of cost increases under various ETS or climate policy scenarios all conclude that those currently planned will not significantly change travel flows [42] or reduce absolute emissions from the aviation sector [2, 41, [43] [44] . In light of the low costs of purchasing emission allowances, the EU ETS is thus unlikely to have any de facto importance for airlines and growth in aeromobility, while flights to and from nonEuropean countries are not included at least until 2020 [45] . Vice versa, various forms of subsidies exist, which make flying cheaper in proportion with mobility levels.
Aviation is the most energy-intense transport that is the least taxed and the most subsidized. It is exempted from VAT on international flights -a subsidy corresponding to a revenue shortfall of $10 billion in the EU according to [35] and does not pay fuel taxes. Thus, this sector remains the only transport sector not to be taxed (domestic flights can be an exception), which results in competitive distortions with the more environmentally friendly transport modes.
In further contradiction with sustainable transport policy principles, scheduled and low-cost carriers continue to receive direct subsidies. Ryanair alone may have received subsidies of approximately €800 million in a single year, which contributed enormosly to the carrier's quickly attained financial success in the last decade, and whose number of passengers carried rapidly rose from 37.6 million to 94.3 million in 2006-15 [21] .
Also, those travelling more frequently over long distances or in business/first class, are the most subsidized. Moreover, other subsidies are paid as governmental support to national airlines in times of crisis, or regional airports with year-on-year negative balance sheets. Obviously, there is a need to more fundamentally question policy structures and the entrapment of transport, dominated by neoliberal, technocentric, and ecological modernization values that make policy learning and the questioning of prevailing paradigms difficult.
In short, without overcoming transport taboos, significant sustainable transport policies on a broader scale are unlikely to emerge. The interrelationship between climate change and aviation is complex. As Gossling and Uphman [8] point out, aviation and its climate impacts can only be properly understood, and responded to fully, if the drivers of aviation growth are themselves properly understood. Rapid growth in air travel is a product of specific and powerful social, economic, cultural, technological, and commercial trends as well as a special, often preferential treatment, in politics. Intervention at any one of these levels alone will not suffice to bring air travel within climatic constraints in the short timescale required, though progress in any one aspect may help progress in the others.
Conclusion
In this paper we confronted widely accepted global climate stabilization goals (70% reduction of CO 2 emissions), with the ICAO's forecasts of future commercial aviation growth, in order to explore the real possibilities of realizing these climate stabilization goals. By using ICAO forecasts, we clearly show that, instead of a proclaimed 70% reduction of CO 2 emissions, energy consumption and CO 2 emissions of air transport are going to rise fivefold (4.9 times) in the 2005-40 period. Hence, even if a 70% increase of aviation's energy efficiency and reduction of CO 2 emissions could be somehow (miraculously) achieved, with such a sudden increase in the volume of air-transport tourist trips, CO 2 emissions of air transport would be higher by 50% in 2040 (than in 2005).
Since the main drivers of such a huge CO 2 emissions rise are the growth of population income and sudden growth of low-cost companies, it is obvious that current climate policy for air passenger transportation is insufficient to achieve significant emission reductions if air transport's volume growth is not radically curbed. For this reason, current climate air transport policy focus should shift to more rigorous and efficient implementation of market-driven instruments, which, apart from creating incentives to develop and use low-emission technologies, can also reduce the demand for travel.
